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Abstract

Objective: An early decline in resting blood pressure (BP) followed by an upward climb is well 

documented and indicative of a healthy pregnancy course. Although BP is considered both an 

effector of stress and a clinically meaningful measurement in pregnancy, little is known about its 

trajectory in association with birth outcomes compared to other stress effectors. The current 

prospective longitudinal study examined BP trajectory and perceived stress in association with 

birth outcomes (gestational age (GA) at birth and birth weight (BW) percentile corrected for GA) 

in pregnant adolescents, a group at risk for stress-associated poor birth outcomes.

Methods: Healthy pregnant nulliparous adolescents (n=139) were followed from early pregnancy 

through birth. At three time points (13–16, 24–27 and 34–37 gestational weeks +/−1 week), the 

Perceived Stress Scale was collected along with 24-hour ambulatory BP (systolic and diastolic) 

and electronic diary reporting of posture. GA at birth and BW were abstracted from medical 

records.

Results: After adjustment for posture and pre-pregnancy body mass index, hierarchical mixed 

model linear regression showed the expected early decline (B=−0.18, p=.023) and then increase 

(B=0.01, p<.001) of diastolic BP approximating a U-shape, however systolic BP displayed only an 

increase (B=0.01, p=.010). Additionally, the models indicated a stronger systolic and diastolic BP 

U-shape for early GA at birth and lower BW percentile and an inverted U-shape for late GA at 

birth and higher BW percentile. No effects of perceived stress were observed.

Conclusions: These results replicate the pregnancy BP trajectory from previous studies of 

adults, and indicate that the degree to which the trajectory emerges in adolescence may be 
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associated with variation in birth outcomes, with a moderate U-shape indicating the healthiest 

outcomes.
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INTRODUCTION

During pregnancy, the maternal cardiovascular system undergoes significant remodeling to 

support fetal circulation via the placenta. Maternal blood pressure (BP) is one important 

cardiovascular marker for maternal and fetal health that has been associated with optimal 

birth outcomes. Indeed, serious disorders of pregnancy, such as preeclampsia and gestational 

hypertension, are identified by BP, and several studies have reported associations between 

increased maternal BP and poor birth outcomes such as low birth weight (BW), small for 

gestational age (GA), and preterm birth. Specifically, these studies report linear change 

across pregnancy trimesters, with some noting that the degree of increase toward the end of 

pregnancy may predict poorer outcomes (1–5).

At the same time, multiple studies indicate that BP does not uniformly increase over 

pregnancy, rather it declines from pre-gravid values in early gestational weeks to a nadir and 

then increases upward in weeks preceding delivery (3, 6–13) approximating a U-shape. This 

pattern has been found for both systolic BP (SBP) and diastolic BP (DBP). But precisely 

when this nadir occurs has been subject to debate. Some evidence indicates 20 weeks (mid-

gestation) (7, 8) while a recent study showed a very early decline from pre-gravid values, 

consistent with another study (9), without a steep rise until around 30 weeks (11). That is, 

those with the highest tertile pre-gravid DBP declined with the greatest magnitude and later 

in pregnancy, while those with the lowest tertile pre-gravid DBP declined least in magnitude 

and early in pregnancy (11).

To our knowledge just one study has examined BP trajectory in association with birth 

outcomes, such as GA at birth and BW. Neelon et al. (10) characterized mean arterial 

pressure (MAP) trajectories in pregnant women associated with low BW and preterm birth, 

identifying three latent classes that differed in both their initial MAP values (in the first 

trimester) and trajectories. Compared to a trajectory that started with relatively high MAP 

and had only a slight U-shape, the class showing moderate initial MAP and a pronounced U-

shape had the lowest probabilities of low BW and preterm birth, with rates near or below 

national averages. The comparison class (described above) had the highest rates of low BW 

and preterm birth, rates above national averages. The third class showed a relatively low 

initial MAP with only slight decline and increase across the entire pregnancy, and low BW 

and preterm birth rates that were higher than national averages. This study indicates that a 

pronounced maternal BP U-shape may be optimal for birth outcomes, at least in terms of 

outcomes defined in a binary fashion (i.e. preterm birth, low BW).

The maternal BP early decline occurs despite profound increases in both maternal blood 

volume and cardiac output needed to support the increased circulatory and metabolic 
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demands of the mother and placenta/fetus. These pressure-increasing adaptations are thought 

to be compensated for by a progressive drop in maternal vascular resistance brought on by a 

rise in vasodilatory hormones/mediators such as nitric oxide, relaxin, prostacyclin, and 

progesterone. Therefore, the maternal change in BP over the first 20 or so weeks gestation is 

thought to reflect a balance between parallel adaptations induced by rising levels of 

hormones/mediators coming from the rapidly developing placenta. The progressive increase 

in BP in the latter part of pregnancy is thought to represent another shift in the balance of 

pressure-increasing vs. pressure-decreasing factors. Spontaneous uterine contractions, pain/

discomfort, anxiety, and a rise in vasopressive hormones/mediators such as the renin-

angiotensin system tip the BP balance as delivery draws near.

BP is an effector of stress, and it has been shown that psychosocial stress modulates 

maternal BP (14–17). First, relative to a non-pregnant state (within subjects comparison), 

and a group of non-pregnant controls (between subjects comparison), 2nd trimester pregnant 

women show lower average diastolic BP (DBP) reactivity to stressful task performance (16). 

Second, higher DBP reactivity to a stressful task, without respect to trimester, has been 

associated with lower BW and earlier birth (17). Third, an association between higher DBP 

averaged over three mid to late pregnancy timepoints and lower BW was observed only for 

those reporting high psychosocial stress and anxiety (15). Fourth, DBP increase between the 

2nd and 3rd trimesters was associated with lower BW for those reporting higher lifetime 

racism (14). Interestingly, these stress and birth outcome findings seem to be observed more 

often with DBP than SBP.

Across multiple studies, higher psychosocial stress has been associated with poorer birth 

outcomes, including earlier birth and lower BW (18–28), including in adolescence (22, 26). 

Significant findings in these studies varied across psychosocial stressors such as perceived 

stress (19, 23, 25), life events appraisal (20, 28), negative mood (26), anxiety (19, 22, 27, 28) 

and a cumulative measure (18) or latent factor (21, 24) involving a given combination of 

these. One study found that both perceived stress and state anxiety decreases between mid to 

late pregnancy were linked to full term birth (19). Although there are exceptions (28, 29), 

taken together, these studies indicate that maternal perceived stress is associated with both 

maternal BP and birth outcomes, and also suggest that linear changes in both maternal BP 

and perceived stress with advancing gestation have relevance for birth outcomes.

Despite evidence for BP U-shaped trajectory associations with birth outcomes (10), 

questions remain whether the early decline or late upward increase is most relevant and 

whether maternal psychosocial stress modulates those associations, as in previous work 

assessing linear effects alone (14, 15, 17, 19). To our knowledge, no study to date has 

assessed perceived stress and the magnitude of BP U-shaped trajectory in association with 

birth outcomes. To examine these questions, we performed secondary analysis on a 

subsample of 139 pregnant nulliparous adolescents. Adolescents were chosen for the study 

because they were a sample expected to experience high stress. Indeed, the adolescent 

pregnancy rate is higher in groups who have experienced stressors like poverty (30, 31), 

sexual abuse (32–37) and social upheaval (38, 39). We collected 24-hour ambulatory BP 

(ABP) across three pregnancy timepoints (early, middle, late) in addition to scores of 

perceived stress via the Perceived Stress Scale (PSS) (40) and abstracted birth outcomes 
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from medical records. The PSS was selected to capture the array of adolescents’ stress 

exposures, being reflected in self-reports of uncontrollability, unpredictability and 

overloading.

The entire spectrum of birth outcomes was considered, as opposed to categorically defined 

poor birth outcomes, with a rationale grounded in accumulating evidence that the range 

matters, not just the extremes. For example, one recent report found an association of GA at 

birth with third-grade academic achievement, even when the sample was restricted to infants 

born in a range that traditionally was considered as one category, ‘full term’ i.e. 37–41 

weeks (41). Additionally, a recent workgroup has noted that infants born between 39 and 41 

weeks tend to have the healthiest outcomes related to both mortality and morbidity, even 

compared to those born 37–39 weeks and those born beyond 41 weeks (42).

Based on existing literature (5, 10), we tested interactions of continuous variables in a 

moderation analysis. First, we predicted that a U-shape trajectory (decline, incline) would be 

associated with healthy birth outcomes. Second, we predicted that when stress is high, the 

BP increase will be steeper, and birth outcomes will be worse. When stress is low, a modest 

U-shape will be observed and birth outcomes will be better. We remained agnostic as to 

whether these associations would emerge on either SBP or DBP.

Methods

Participants

Nulliparous pregnant adolescents, ages 14–20, participated in the study between June 2009 

and January 2012. They were recruited through the Departments of Obstetrics and 

Gynecology at Columbia University Medical Center (CUMC) and Weill Cornell Medical 

College and flyers posted in the CUMC vicinity. All had a healthy pregnancy at the time of 

recruitment. Participants were excluded if they acknowledged smoking or use of recreational 

drugs, lacked fluency in English, or were multiparous. Participants also were excluded on 

the basis of frequent use of the following: nitrates, steroids, beta blockers, triptans, and 

psychiatric medications. Inclusion criteria included: nulliparous, singleton pregnancy, ages 

13–21 prior to 19 weeks gestation, non-smoking, self-report of good health and current 

enrollment in prenatal care.

We enrolled a total of 205 participants as part of a large longitudinal study explicitly 

designed to observe stress response-related physiological systems during adolescent 

pregnancy, including BP. All participants provided written-informed consent, and all 

procedures were approved by the Institutional Review Board of the New York State 

Psychiatric Institute/CUMC. Participants were excluded from analysis if: 1) any independent 

variable was missing, 2) there was fetal demise, or 3) one of the following cardiovascular-

related disorders was present due to our study’s focus on BP assessment: medical record 

notation of intrauterine growth restriction, preeclampsia, gestational hypertension or 

vascular/hemorrhage, or self-report of heart murmur. The final datasets included 139 

participants for assessment of GA at birth and 138 participants for assessment of BW (see 

Fig. 1 for the complete enrollment flow chart).
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We compared those included in the analyses (n=139) to those excluded due to missing data 

(n=40) (Fig. 1) and found that maternal age, pre-pregnancy body mass index (BMI), PSS, 

BW percentile, systolic BP (SBP) and DBP did not did not differ among these two groups. 

Although earlier birth was found for the group with missing data, on average their GA at 

birth was still considered early term (37–39 gestational weeks) (42).

Study Procedure

A total of three study visits were conducted with most occurring in gestational week 

windows (+/−1 week) 13–16, 24–27 and 34–37, and with some occurring outside these 

windows due to scheduling conflicts. The earliest participant visit was 10-weeks gestation. 

These timepoints were selected to assess early, middle and late pregnancy, with the first visit 

scheduled during early second trimester for most participants (13–16 weeks). This timepoint 

was selected for this study to ensure full blastocyst implantation and viability as well as to 

maximize recruitment efforts due to possible delays in seeking prenatal care among 

adolescents (43).

Study sessions started generally between 10 AM and 5 PM, and ambulatory equipment was 

returned 24 hours later. Participants had one, randomly scheduled, urine toxicology screen to 

test for use of cannabinoids, amphetamines, benzodiazepines, opioids, and cotinine. One 

participant tested positive for cannabinoid use twice during pregnancy. In accordance with 

the present study’s exclusion criteria, this participant’s data were not included in analysis.

Perceived Psychological Stress

At each study visit, participants completed the PSS (40), a 14-item instrument designed to 

measure the degree to which participants appraise their lives as “unpredictable, 

uncontrollable, and overloading” over the past month — i.e., high on perceived 

psychological stress (44). On the PSS, respondents rate the frequency of specific experiences 

on a 5-point scale from ‘never’ to ‘very often’ (e.g., “In the last month how often have you 

found that you could not cope with all the things that you had to do?”). The PSS has been 

shown to have adequate reliability, reporting a coefficient alpha of .84 to .86 (40), and has 

been administered previously to adolescent samples (45–47).

Blood Pressure

At each study visit, participants were outfitted with a Spacelabs Healthcare 90207 ABP 

Monitor (Spacelabs Healthcare, Snoqualmie, WA), an instrument with documented 

reliability, validity (48) and acceptability (49) in pregnant populations, with which measures 

of ambulatory SBP, DBP, MAP, and heart rate were collected every 30 minutes over the 

subsequent 24 hour period. During instrumentation, cuff size was adjusted for upper arm 

dimensions, and two readings were compared to an initial measurement via 

sphygmomanometer with the requirement that readings fall within 10 mmHg of one another.

Posture

Participants also were given an electronic diary to record posture information at each ABP 

measurement time point. Posture was recorded as ‘lying down’, ‘sitting’, ‘standing’, or 

‘walking’, with participants providing a true/false response on each one.
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Birth Outcomes

GA at birth and BW were abstracted from the medical record along with pregnancy 

complications (i.e. preeclampsia, gestational hypertension, intrauterine growth restriction 

and vascular complications) and infant sex. GA at birth was determined based on ultrasound 

examinations and date of last reported menstrual cycle documented in the medical record.

Data Preparation

Data were reduced based on several criteria. First, to address potential artifacts in the ABP 

recordings, BP values were selected for analysis according to criteria applied in previous 

ABP reports of non-pregnant samples (50–54) similar to other ABP pregnancy studies. The 

following BP ranges were accepted: 85–196 mmHg for SBP and 41–130 mmHg for DBP. If 

SBP or DBP observations fell outside the acceptable range, or if the difference between SBP 

and DBP observations at any given time point was either below 20 or above 90, those SBP 

and DBP observations were removed for that time point.

Second, only daytime hours were selected from the 24-hour ABP data collection based on 

the following: 1) there is a known circadian rhythm associated with BP that is maintained in 

pregnancy; 2) ABP measurements in the daytime and nighttime hours have been associated 

with separate health effects; 3) most studies of pregnancy BP in association with 

psychosocial stress and birth outcomes utilize daytime measurements including the only 

study of BP trajectory examining birth outcomes (10); and 4) other pregnancy ABP studies 

have collapsed all data into a 24-hour mean which includes daytime measurements. 

Therefore, daytime is a key period to study. Based on previously described wakeup and 

bedtime patterns of adolescents, we accepted BP samples from 10 AM to 10 PM (55).

Finally, posture data associated with an ABP reading within 5 minutes of notation were 

included. If participants endorsed more than one posture in an implausible combination (e.g. 

lying down and standing), the report was removed from data analysis. If participants 

endorsed more than one posture in a plausible combination (e.g. standing and walking), then 

the more extreme value was accepted (i.e. walking). Because BP is associated with posture, 

posture was included as a covariate in all models, centered at sitting.

Pre-pregnancy BMI was calculated using pre-pregnancy weight from self-report and 

measured height, both ascertained at the first study session. Similar to posture, BMI was 

included as a covariate in all models, centered at the sample mean, due to its association 

with BP.

Additional sample characterization.—To further characterize the sample, the 

Symptom Checklist-90 (SCL-90-R) (56) was administered to assess depressive symptoms 

via the Depression t score, and the Social Support Questionnaire was administered to assess 

cumulative social support satisfaction from 27 items rated 1 ‘very dissatisfied’ to 6 ‘very 

satisfied’ (57). Socioeconomic status was measured through report of years education and 

family income level, though years of education was not anticipated to provide much 

variation given the young sample. Finally, we report moment-to-moment sampling of 

physical activity-level; that is, each time a self-report of posture was recorded, the following 

Spicer et al. Page 6

Psychosom Med. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



question also was answered: ‘At the time the alarm sounded, my level of physical activity 

was: 1 = not at all to 4 = very much.’

Analytic Plan

Model Estimation.—Hierarchical mixed model linear regression (HMMLR) was 

employed to estimate within-persons BP trajectories and between-persons differences in 

trajectories using a random effects maximum likelihood estimation approach via SPSS 23.0. 

This model is recommended for ABP data (58) and has been employed in several studies 

involving ambulatory measures during pregnancy, even with modest sample sizes (59–63). 

HMMLR is a robust technique because it utilizes every data point in variance estimations; 

with power to detect associations of interest being a function of both the number of 

individuals in the analysis (here, n=139) and the number of sampling moments (here, 3,852). 

This feature results in strengthened overall power to detect associations that is not 

accompanied by a multiple comparisons problem given that model significance relies only 

on one inferential test. After an evaluation of assumptions via preliminary analyses, we 

implemented a model building approach toward our final set of independent and a priori 
HMMLR models with the specifications that follow.

GA in weeks was considered the index of time and entered both as a linear term and as a 

quadratic, GA2, to assess the linear and non-linear changes in BP during pregnancy known 

from prior studies (7, 8) (Model 1). The present study does not focus on determining 

nuances of the BP shape, but instead, on whether the general U-shape changes in relation to 

several other variables of interest in our adolescent sample. Therefore, additional shapes 

were not considered.

BP data were centered at 10-weeks gestation as this was the first documented timepoint in 

the dataset, rendering the baseline or intercept of the model at 10 weeks. The parameter 

estimate for GA indicates the instantaneous slope for BP at 10-weeks gestation and the 

estimate for GA2 indicates BP non-linear changes from that instantaneous slope. Between 

subjects variables included PSS (Model 2), PSS and GA at birth (Model 3), PSS and BW 

percentile (Model 4), and their interaction terms, given previous work demonstrating 

associations between maternal psychosocial stress and birth outcomes (18–28).

SBP and DBP were tested separately in models and specified as the outcome (dependent) 

variables. This may at first glance appear confusing because, on a conceptual level, our 

outcomes of interest were birth outcomes (GA at birth and BW percentile). The statistical 

model, however, requires that the variable that was repeatedly measured be specified as the 

outcome variable. PSS, a time-varying covariate of interest, and GA at birth (or BW 

percentile) were assigned as independent variables. So, to be clear, our statistical models are 

estimating the trajectory for SBP and DBP change over the course of pregnancy, and the 

parameter estimates for PSS and GA at birth (and their interactions) are estimating the 

associations between these variables and the BP trajectories. Thus, the models are 

addressing our questions of how PSS and GA at birth associate with BP trajectories.

Finally, posture at every sampling moment and pre-pregnancy BMI were entered as 

covariates, and all independent variables were centered. In consideration of additional 
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covariates, a priori, we first included time of day due to known circadian rhythms in BP, but 

found this variable did not improve model fit. Thus, it was dropped from further analysis. 

For the outcome (BP), as long as some data were present, missing readings were estimated 

using maximum likelihood. However, participants with missing data on other study variables 

were excluded from analyses.

Model 1: Time Only.—In the first step of the model-building approach, we examined the 

shape of the overall BP trajectories by including GA and GA2 during pregnancy to model 

BP over time (n=169). GA and GA2 are the linear and quadratic estimates, respectively, that 

define BP change as a function of GA during pregnancy.

Model 2: Time and PSS.—Building on Model 1, PSS and its interaction terms with GA 

and GA2 were added to test associations among perceived stress and BP trajectories over the 

course of pregnancy (n=163).

Model 3: Time and PSS and GA at Birth.—Building on Model 2, associations among 

perceived stress, infant GA at birth and BP trajectories over the course of pregnancy (n = 

139) were modeled as follows:

Level 1:BP jk = π0 jk + π1 j * GA jk + π2 j * GA2 jk + π3 j * Posture jk + e jk

Level 2:π0 j = β00 + β01 * PSS j + β02 * GA@Birth j + β03 * GA@Birth j * PSS j + β04 * BMI j + u0 j

π1 j = β10 + β11 * PSS j + β12 * GA@Birth j + β13 * GA@Birth j * PSS j + u1 j

π2 j = β20 + β21 * PSS j + β22 * GA@Birth j + β23 * GA@Birth j * PSS j + u2 j

where BP refers to either SBP or DBP at moment k within person j, GA and GA2 are the 

linear and quadratic estimates, respectively, that define BP change as a function of GA 

during pregnancy, PSS is the estimate for the association between perceived stress and BP 

trajectory, and likewise, GA at birth is the estimate for the association between GA at birth 

and BP trajectory.

GA at birth was entered as a continuous variable. For interpretation of GA at birth results, 

we turned to recent work that divides GA at birth into the following groups: late preterm (34 

weeks, 0 days – 36 weeks, 6 days), early term (37 weeks, 0 days – 38 weeks, 6 days), full 

term (39 weeks, 0 days – 40 weeks, 6 days), late term (41 weeks, 0 days – 41 weeks, 6 days) 

and post term ( ≥ 42 weeks, 0 days) (42). Within this framework, it is thought that delivery at 

full term is most strongly associated with optimal infant health outcomes.

Model 4: Time and PSS and BW Percentile.—Building on Model 2, associations 

among perceived stress, infant BW percentile and BP trajectories over the course of 
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pregnancy (n = 138) were assessed. This model was constructed similarly to Model 3 with 

BW percentile substituted for GA at birth. BW percentile was based on BW population 

norms by GA at birth separately for male and female infants (64). With this BW percentile 

variable, both GA at birth and infant sex were taken into account.

Results

Descriptives

As shown in Table 1, on average participants delivered infants at full term (42) and of 

healthy BW. Mean SBP fell into a normotensive range, and mean DBP fell into a low 

prehypertensive range (65–67). Perceived stress was elevated relative to healthy pregnant 

adult samples from prior studies (68, 69) and was similar to other adolescent cohorts (45–

47), including pregnant adolescents (47). Also, PSS showed adequate internal consistency 

(Cronbach’s alpha Visit 1 = .66; Visit 2 = .73; Visit 3 = .58); these results are lower than 

some previous work (40), but closer to those of prior studies with adolescent samples (45–

47). Additional descriptives characterizing the sample can be found in Table 1.

Posture

Relative to sitting, SBP decreased by 4.50 mmHg when lying down, increased by 3.70 

mmHg when standing and increased by 4.50 mmHg when walking. Including posture in the 

model accounted for about 9.3% of the within person variance in SBP. For DBP, there was a 

4.3 mmHg decrease when lying down, a 3.9 mmHg increase when standing and a 3.6 mmHg 

increase when walking. Posture accounted for 10.6% of the within person variance in DBP. 

Pre-pregnancy BMI had a significant positive association with SBP (B = .26, p < .001), but 

not with DBP. Taken together, these results were expected and provide a quality control 

check of the data. The results support inclusion of posture and BMI in these analyses.

Model 1: Time Only.—We observed that SBP had a non-significant instantaneous slope at 

10-weeks gestation (B = −.03, p = .774), indicating that SBP did not significantly decrease 

during the early part of pregnancy. However, the quadratic change in BP was positive and 

significant suggesting accelerating increases in BP with advancing gestation (B = .01, p = .

010). For DBP, there was a significant instantaneous slope at 10-weeks gestation (B = −.18, 

p = .023) and a significant positive quadratic change (B = .01, p < .001), indicating a U-

shaped trajectory over pregnancy.

Model 2: Time and PSS.—The addition of PSS and its interactions to Model 1 revealed a 

marginally significant result of GA x PSS (B = .03, p =.072) on SBP, suggesting that 

increased perceived stress was associated with increased SBP in the early part of pregnancy. 

That is, increased perceived stress tended to work against the expected decrease in SBP 

during the early phase of pregnancy. All other PSS associations were not significant.

Model 3: Time and PSS and GA at Birth.—The association between GA at birth and 

SBP trajectory was significant for GA (B = .21, p = .047) and GA2 (B = −.01, p = .013; 

Table 2). The same significant associations were observed for DBP: GA (B = .25, p = .003) 

and GA2 (B = −.01, p = .001; Table 3). Visualized in Fig. 2, these associations show that 
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relative to mean GA at birth (39 weeks), with earlier GA at birth the BP U-shape was more 

pronounced and with late term birth, it was inverted. There were no significant PSS findings.

Model 4: Time and PSS and BW Percentile.—The results from both SBP and DBP 

models were similar to those from Model 3 with the following differences: 1) BW percentile 

had a negative association with SBP at 10-weeks gestation (i.e., at the intercept; B = −.11, p 

= .001), indicating that higher BW was associated with decreased average SBP (Table 2), 

and 2) the slope of DBP GA fell to marginal significance (B = −.17, p = .053; Table 3). As 

visualized in Fig. 3, relative to mean BW percentile (40th), lower BW percentiles were 

associated with more pronounced U-shaped trajectories and higher BW percentiles with 

linear (DBP) or inverted U-shaped (SBP) trajectories. There were no significant PSS 

findings.

Sensitivity analyses.

Other covariates such as weight gain over pregnancy may influence BP trajectories (8). 

Additionally, because socioeconomic status and physical activity were associated with BP in 

previous work with adults, we wondered to what extent these may play a role in BP patterns 

in our adolescent sample. In initial analyses, we entered each covariate separately into a 

model with just GA and GA2 (i.e., Model 1 described above) to determine if these covariates 

were associated with BP trajectories. Socioeconomic status was not associated with BP 

trajectories (note that there is little variability in socioeconomic status in Table 1) but both 

weight gain (SBP: B = .09, p = .015 and DBP: B = .10, p < .001) and physical activity were 

(SBP: with Level 4 ‘very much’ as reference, Level 1 ‘not at all’ B = −1.85, p = .004, Levels 

2 and 3 ns and DBP: Level 1 B = −1.88, p = .001, Level 2 B = −1.18, p = .030, Level 3 B = 

−1.04, p = .065). After adding weight gain and activity level to our full models (i.e. Models 

3 and 4 described above), the primary results were unchanged, with the exception that the 

linear term of time (GA) x GA at birth interaction on SBP became marginally significant 

(p=.062). Our a priori inclusion of the posture covariate––indicating 77 percent of samples 

occurred during lying down or sitting (Table 1)–– already may have accounted for much of 

the variance in self-report of physical activity leve

Discussion

The present study characterized BP trajectories in healthy pregnant nulliparous adolescents 

in association with birth outcomes (GA at birth and BW) and perceived stress to ask whether 

maternal BP early decline and/or late incline in association with stress was related to birth 

outcomes. It employed ABP and electronic diary methodology over three time points (early, 

middle, late pregnancy) and HMMLR, a powerful statistical model that utilizes every 

observation, to estimate both within and between subject variance without multiple testing. 

Statistically adjusting for posture and pre-pregnancy-BMI, an overall U-shaped BP curve 

was observed –– specifically, DBP showed significant decline and incline over pregnancy, 

whereas SBP showed only significant incline.

For both SBP and DBP, decline and incline of the U-shaped curve were associated with GA 

at birth and BW. Visualization of the trajectories showed a slight BP U-shape for full term 

infants (39 weeks), which was the sample mean. With decreasing GA at birth, including 

Spicer et al. Page 10

Psychosom Med. Author manuscript; available in PMC 2020 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



early term (37 weeks) and late preterm (34 weeks) pregnancies, the U-shape was more 

pronounced. However, with increasing GA at birth (i.e. in late term at 41 weeks), the U-

shape inverted. For BW percentile, an index that controlled for both GA at birth and infant 

sex, results were similar –– for those infants whose BW decreased relative to the sample 

mean (40th percentile), the U-shaped pattern was more pronounced. However, for those 

infants whose BW exceeded the sample mean, the curve inverted.

Maternal BP early decline has been observed previously (3, 6, 9, 10, 12, 13, 15, 16) as well 

as BP associations with birth outcomes such as preterm birth, low BW and small for GA (1–

5, 10). In contrast to previous work that found a lack of mid-gestation nadir in association 

with poor health outcomes (7, 10), we observed a more pronounced U-shape trajectory in 

association with earlier GA at birth and lower BW, with both decline and incline parameters 

being significant for SBP and DBP in all models. We also observed an inverted U-shape for 

those pregnancies that resulted in late term birth and high BW (i.e. 90th percentile).

These differences in study results may reflect methodological variation. Here, we: 1) 

examined adolescent SBP and DBP via ABP technology, 2) excluded on poor health 

outcomes such as preeclampsia and gestational hypertension, 3) performed an analysis that 

afforded estimating both decline and incline parameters and 4) entered our variables of 

interest in a continuous manner examining the entire range of birth outcomes. In contrast, 

Neelon et al. (10) examined adult normotensive MAP via readings acquired at doctors’ visits 

and performed growth mixture modeling that entered birth outcomes categorically (i.e. 

preterm birth or not, low BW or not). Hermida et al. (7) studied adult ABP, but included 

those with pregnancy complications such as preeclampsia and gestational hypertension. 

Taken together, the results suggest that BP trajectories may be useful for predicting, and 

potentially understanding, poor birth outcomes, yet work remains to be done to identify the 

most valid methodological approaches.

Discussion of the prehypertensive range, a category relatively understudied, has emerged in 

the literature defined as SBP of 120–139 mmHg and DBP of 80–89 mmHg, and we note 

here that our participants on average were categorized in the prehypertensive DBP range 

(65–67). Interestingly, a recent study reported that a steeper DBP slope in the 

prehypertensive range in late pregnancy associated with small for GA (5), a finding that is 

consistent with the BW results here. Prehypertensive and hypertensive women were not 

distinguished from others in Neelon et al. (10). It could be that the prehypertensive range 

provides additional insight into the prediction of healthy birth outcomes beyond the binomial 

distinction between hypertensive and non-hypertensive. (New American College of 

Cardiology guidelines released in November 2017 have split prehypertension into two 

categories: Elevated Blood Pressure (120–129 / <80 mmHg) and Hypertension Stage 1 

(130–139 mmHg SBP or 80–89 mmHg DBP) (70). Also, adolescent guidelines for 

hypertension now match those of adults (71).)

This is the first study, to our knowledge, that assessed associations between perceived stress 

and prenatal BP trajectories in relation to birth outcomes. Stress effects on prenatal BP have 

been documented including acute laboratory stress (16, 17), chronic long term psychosocial 

exposure associated with lifetime racism (14) and cumulative psychosocial stress capturing 
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socioenvironmental resources, perceived stress and anxiety (15). We selected the PSS to 

measure perceived stress given its use in previous investigations of maternal pregnancy BP 

(15), birth outcomes (19) and adolescent women (45–47). Despite evidence suggesting 

elevated levels of perceived stress in the current sample, we did not find that individual 

differences in stress were related to differences in BP mean or trajectory.

Similar to the present study, an investigation focusing on maternal race, pre-pregnancy BMI, 

weight gain and PSS in association with BP trajectory over pregnancy determined a final 

model that included significant linear and quadratic parameters estimating BP trajectory but 

no effects of PSS (8). Taken together, perceived stress as measured by the PSS may not be 

the form of psychosocial stress influencing maternal BP trajectory in pregnancy. 

Nonetheless, given that BP is an effector of stress and that both BP and stress have been 

found to affect birth outcomes, the implications of stress in association with maternal 

pregnancy BP trajectory should be examined further.

The mechanism underlying associations between maternal BP trajectories and birth 

outcomes is largely unknown, but it is has been established that maternal cardiovascular 

health indices and birth outcomes are connected. First, pregnancies complicated by 

preeclampsia present with maternal hypertension and often with earlier birth and lower 

birthweight, and second, multiple maternal cardiac aberrations have been found in 

normotensive women with pregnancies complicated by fetal growth restriction (72). 

Maternal systemic cardiovascular indices (including BP) and eventual birth outcomes may 

be linked through maternal immune system reactivity of pregnancy, which is implicated in 

processes such as uteroplacental circulatory structuring and placental feedback to the 

maternal blood. In light of the robust documentation of the maternal pregnancy BP U-shape 

to date (3, 6–13), it is intriguing to consider whether the U-shape’s distinct components 

(early decline, late incline) might individually signal information about uteroplacental 

health. Specifically, BP increases after mid-gestation at least in part may be linked to 

maternal immune activation resulting from placental debris deposit (73, 74). The early BP 

decline is thought to be a function of reduced lower vascular resistance, which occurs both 

systemically and locally at the level of the uterus and placenta, though how this connects to 

later sharp BP increases and birth outcomes must be investigated further.

The present study includes both methodological strengths and limitations. One strength is its 

prospective longitudinal design utilizing ABP monitors, enabling the collection of multiple 

BP recordings in participants’ daily lives in early, middle and late pregnancy. Second, 

electronic diary methodology was employed to collect posture information to remove the 

known profound associations of posture with BP. Third, HMMLR was selected to assess 

pregnancy BP trajectory, not only linear change alone, that allowed the intercept and slope to 

vary for each participant with the specification of random effects and estimated missing data 

in the outcome, which in turn enabled the inclusion of more participants; it also allowed for 

the assessment of both linear and quadratic changes in a single model. Finally, recognizing 

that GA at birth and BW are important pregnancy outcomes predictive of offspring health 

and achievement across the lifespan, our study included these as continuous variables.
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Our study was limited to healthy pregnant adolescents living in an urban environment so that 

generalizability of these findings must be determined. We note that given the lower than 

expected internal consistency found our perceived stress measurement, our stress results 

should be viewed with caution. A second limitation concerns the first measurement 

timepoint at 13–16 weeks gestation and a total of three study visits overall. A recent study, 

reliant on pre-gravid BP values, has indicated that maternal BP decline begins very early in 

pregnancy with the magnitude and the timing of the decline associated with pre-gravid 

values (11). In the current study, it could be that those pregnancies resulting in earlier GA at 

birth occurred in women with higher pre-gravid BP. Nonetheless, measurement at 13–16 

gestation, though early in second trimester, was early enough to capture declining BP 

(though likely at its end) as upward incline begins around 20–30 weeks gestation. Future 

research should explore the nature of pre-gravid baseline and early pregnancy within BP 

trajectory effects —as well as alternative trajectory shapes estimated with the addition of 

more study timepoints—on birth outcomes though this will be hard to accomplish in an 

adolescent sample with largely unplanned pregnancies.

Our study showed that BP trajectory became less strongly pronounced as birth moved from 

late preterm, to early term to full term and that it inverted in late term. As indicated by 

Spong et al. (42), these GA at birth categories are distinct beyond what was traditionally 

labeled full term (> 37 weeks) because they have consequences for infant health. In line with 

this conceptualization, our findings here demonstrate that a moderate (or ‘just right’ 

Goldilocks) inflection shape may be associated with the healthiest pregnancy outcomes. 

Future studies might indicate, as the current one does, that a strong dip followed by a sharp 

incline is associated with early GA at birth or low BW. The dip (or lack thereof) from early 

to mid-pregnancy, along with monitoring of increases thereafter, might be a window of time 

when intervention one day could be applied.
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Fig. 1. 
Flow chart showing complete information on participant enrollment and final number for 

data analyses.
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Fig. 2. Ambulatory blood pressure over pregnancy as a function of gestational age and 
gestational age at birth.
Statistically adjusting for perceived stress, earlier gestational age at birth was associated with 

a more prominent U-shaped systolic (a) and diastolic (b) blood pressure trajectory over 

pregnancy. Gestational weeks were modeled continuously. Here results of the model are 

shown, with 34, 37, 39, and 41 weeks gestational age at birth selected based on criteria from 

Spong (2013) (42). 39 weeks gestational age birth was the mean of the sample. These results 

indicate that a subtle U-shape may be predictive of full term infants.
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Fig. 3. Ambulatory blood pressure over pregnancy as a function of gestational age and birth 
weight percentile.
Statistically adjusting for perceived stress, lower birth weight percentile was associated with 

a more prominent U-shaped systolic (a) and diastolic (b) blood pressure trajectory over 

pregnancy. Gestational weeks were modeled continuously, and birth weight percentile was 

selected as an index with the effects of gestational age at birth and infant sex removed (64). 

Here results of the model are shown. 40th percentile was the sample mean and other 

percentiles shown are −1 SD, +1 SD and +2 SDs relative to the mean. These results indicate 

that a subtle U-shape may be predictive of healthy birth weight.
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